The largest environmental problem facing the mining industry today is the leaching of hazardous metals and metalloids from waste rock and mine tailings. Although in the past Geosynthetic Clay Liners (GCLs) have primarily been employed as leachate barriers in landfills, recent times have seen an increase in the variety of their applications, including the mining industry (e.g. Olsta and Friedman, 2002) . This study conducted a bulk material analysis of the GCL material following permeation with different mining solutions in order to elucidate possible mechanisms of metal retention.
INTRODUCTION
Metal contamination derived from waste rock and mine tailings is a priority problem facing the mining industry. The mining industry has recognized that when dealing with these types of waste, it is most effective to segregate the most hazardous material for separate disposal, in a lined containment facility. GCLs may be particularly beneficial for this type of application, and have been adopted in other waste containment facilities as liners to control subsurface contamination. GCLs typically consist of a thin layer of bentonite supported by one or two layers of geosynthetics. Sodium (Na)-montmorillonite, the primary mineral found in the Na-bentonite used in many GCLs, has a greater ability to adsorb cations than most soils commonly used in compacted clay liners due to its larger cation exchange capacity (80-100 meq/100g) and surface area (800 sq.m/g) (Yong 2001) . Metal attenuation by Na-montmorillonite and similar clay combinations has been the subject of ample research (Li and Li, 2001 ). To a lesser extent anion exchange can also occur in montmorillonite (30 meq/100g) (McKelvey, 1997).
The author has previously reported research showing evidence of GCLs attenuating the metals present in landfill leachates and an Acid Mine Drainage leachate (AMD) (Lange et al., 2004) . The overall objective of the current study was to evaluate metal and metalloid attenuation in GCLs subject to mining leachates. The porewaters of gold mine tailings (GML) contain a low concentration of calcium relative to landfill leachate which has been shown to increase the hydraulic conductivity of GCLs, and has a higher relative pH which favours the coprecipitation/adsorption of a number of metals. The specific goals were to: (i)evaluate the interaction of significantly different mining solutions with GCLs by monitoring hydraulic conductivity and geochemical data; (ii)conduct a material analysis which quantified the distribution of metals within the GCL; and (iii)elucidate possible mechanisms of metal retention within the GCL in order to project the long term fate of metals within the GCL.
MATERIALS Geosynthetic Clay Liner
This study tested a BENTOFIX TM NW GCL which consisted of a nonwoven carrier geotextile, and a nonwoven cover geotextile encapsulating a layer of granular Wyoming sodium bentonite (6000-7000 grams bentonite/m 2 ). The total cation exchange capacity (CEC) measured between 92 to 95 meq/100g. Previous mineralogical analysis conducted by Rowe et al. (2000) , showed the GCL bentonite mineralogy consisting of 91 percent smectite, 5 percent quartz, 3 percent feldspar and 1 percent carbonate. Analysis of water in equilibrium with NW GCL material has yielded the following data: Cl 
Permeant Liquids
Two permeant liquids representing mine wastes documented from field activity were synthesized ( Table 1 ). The first permeant represented a typical Acid Mine Drainage leachate (AMD) with (pH ~ 3) (modified from Lange et al., 2004) . The second permeant was a neutral-pH, arsenicrich solution typical of porewaters found in gold mine tailings (GML) (modified from Walker, 2005) . De-aired de-ionized water (DDW) was used for hydration and initial permeation. Petrov et al. 1997 ) was used on GCL specimens measuring 54 mm in diameter. The fixed ring permeameter involves forcing liquid at a specified rate (current study ~ 3.3 mL/day) through a steel cell which holds the GCL (D= 54 mm; H=70.5 mm) between two porous disks. This study applied an effective stress of 25 kPa to the GCLs by a set of springs in order to simulate a holding pond for mine tailings of a few metres in height.
Four GCL specimens were prepared according Petrov et al. 1997 . Briefly, the GCLs were hydrated following by forcing DDW through the GCL until chemical equilibrium was reached 
Material Analysis
The GCL samples were extruded from the fixed ring cells following experiment termination. The authors developed a method enabling them to cut the GCL into pie shaped sections and into layered sections which posed difficulty considering the GCL height of 0.95 cm once extruded from the FR cell. A DREMEL TM tool using a circular diamond wheel was used to cut the GCL into pie sections. In order to cut the GCL into two layers the circular diamond wheel was combined with a coping saw to cut each fibre. The material analysis was performed on several pie-sections (upper and lower layers) to get "averaged" properties. The total soluble ions in the porewater (termed here as porewater) were determined by shaking the GCL section (geotextile intact), with 35 mL of DDW for 12 hours followed by ICP analyses. Each soil layer was then subjected to aqua-regia soil digestion 1 . The GCL materials were analyzed by X-ray diffraction (Philips X-Pert MPD, using copper tube). It should be noted that while the GCL bentonite was oven dried at 100C for aqua regia digestion, it was air dried for X-ray diffraction. It was important not to expose the X-ray diffraction samples to excessive heat as this typically causes structural changes to the clay material. Figure 1 shows the average Hydraulic Conductivity (K) data for both permeant liquids. The average initial K of the DDW for all four cells after 4.7 PVs of permeation was 1.6x10 -11 m/s. The GML and AMD permeants resulted in K values of 2.0x10 -11 m/s and 6.0x10 Fluid compositional data collected from the effluent ports of the FR apparatus is shown in Table  2 for times at 1 PV and at experiment termination (5 PVs). All metals showed very strong attenuation (C/C o <0.005) for the GCL in the AMD cells. The cells using GML leachate showed nearly complete attenuation of Cd at 5 PVs (C/C o =0.001), followed by As (C/C o =0.04). Much higher values of the cations Ca, Na and Mg were found in the effluent waters of the AMD. 
RESULTS

Hydraulic Conductivity and Metal Breakthrough Data
Distribution of Metals Within the GCL Bentonite
A mass balance showed good correlation between the total metals extracted by material analysis (i.e. porewater + soil) and the difference between the influent and effluent data (mean error of 10%) 2 . Metals associated with the pore water phase typically consisted of only 1-2% of the total metals retained within the GCL. One exception was arsenic (As) whose porewater concentration accounted for 20-30% of total As retained in the GML samples. Figure 2 shows the relative amounts of As associated with (i) pore water and (ii) sorbed to the soil, (GML samples). As was present in the porewater in larger quantities than Sr (for GML) and Cd (for AMD), which represent typical metal scenarios. It was also noted that As was retained more in the upper layers of the GCL for the AMD solution (discussed later). Layer analysis of the GML sample yielded similar results with the exception of sodium and sulphate. Sulphate was contained more in the upper layers for the GML samples, and conversely was retained relatively more in the lower layers for the AMD samples.
X-ray Diffraction Analysis
Several recurring new peaks appeared by XRD analysis, however only peaks at lower angles could be identified. Gypsum (d=7.63Å) occurred in all GML permeated samples, and calcite appeared more than half of the time (61% occurrence rate) ( d=11.4A). 
DISCUSSION OF RESULTS
Although the GML permeant had a much higher loading of Ca, Na and Mg compared to the AMD, much higher values of these cations were found in the effluent waters of the AMD. The release of these cations has been observed in similar scenarios and was explained by cation exchange from the high metals loading, and displacement by H + ions. This could also be invoked to explain the larger increase in hydraulic conductivity by the AMD samples, as Na ions were actively replaced by divalent and trivalent metals causing the diffuse double layer to shrink thus increasing the conducting pore space (Ruhl and Daniel, 1997) . Acids may also act to dissolve minerals in the clay such as calcite, thus causing additional cations such as calcium to be released.
All metals in the AMD leachate showed good overall attenuation. The larger concentration of Fe and Mn and the presence of orange-brown coloration in the upper layer of the AMD samples, indicated likely precipitation of Fe-Mn oxyhydroxides. Most metals in the AMD samples (Fe, Zn, Mn, As, Pb and Al) with the exception of Ni and Cu, were concentrated in the upper layer. Due to the large loss of Na, Ca and K, a lot of metals were likely adsorbed by cation exchange. Co-precipitation of metals with the Fe-Mn oxyhydroxides could be responsible for the larger retention of metals in the upper layer. Competitive sorption was likely occurring as cations with smaller replacing capacities such as K were present more in the lower layer. The authors have previously observed with a similar AMD mixture that some metals were dissociated at a lower pH indicating that some metals were also bound by the clay particles edges which are more sensitive to pH than the exchanged metals (Lange et al., 2004) . Modelling a pH increase for the AMD solution in PHREEQC (PHREEQC Interactive, Version 2.11, USGS 2005) produced SI values slightly greater than 1 for many aluminium compounds such as Boehmite (AlOOH).
The authors had previously identified sulphide precipitates responsible for metal retention in landfill leachates, however mining leachates are often much higher in Eh and have a higher sulphate content, and as a result, sulphates tend to dominate. In fact, PHREEQC identified metal-sulphate complexes as the second most likely species to occur. The larger retention of sulphate in the GML samples, especially in the upper layer is in part attributed to gypsum precipitation as identified by XRD. The gypsum may not have formed within the AMD samples due to a lower pH and lack of Ca from the influent solution. Equilibrium calculations in PHREEQC for the GML solution showed Gypsum and Calcite as having Saturation Indices (SI) of -0.62 and -0.71, indicating the possibility for precipitation if concentrations of Ca were slightly increased. This likely occurred when the solution came into contact with the Ca from the GCL soil. Gypsum may have also been responsible in part for the retention of cadmium. Huang et al. (1999) showed how significant quantities of metals, especially Cd, can adsorb to gypsum during its crystal growth and nucleation. The formation of gypsum may also be responsible for attenuating some arsenate as the As oxyanions may substitute into the gypsum structure for SO 4 2-.
The presence of As in the GML porewater and the lack of attenuation for As in the GML samples in comparison to the AMD may be explained by several mechanisms. The As was introduced as sodium arsenate (As valence =5). Considering this introduction and the high Eh and pH of the GML permeant, the As(V) was likely in arsenate form (e.g. ). Arsenate, under higher pH conditions (greater than 7.5), becomes repelled by the negative surface sites on the clay structure. In the GML samples, the large presence of SO 4 2- in the upper layer, and the introduction of more OH -sites may have competed with the arsenate. Geochemical modelling may suggest that arsenite would have been the predominant species in the AMD leachate (due to lower pH and Eh), and would sorb more strongly to the soil (Jain, A., Loeppert, 2000) . This is however unlikely since equilibrium was not likely reached during the length of this experiment in terms of arsenic speciation.
Long Term Fate of Metals
Metals sorbed by cation exchange to montmorillonite are not particularly influenced by small changes in pH and redox (Yong, 2001) . Metals adsorbed by the clay particles edges are more sensitive to pH. Considering the AMD samples, as the pH begins to drop, acidic conditions may lead to protonation of these sites thus releasing some metals. Also oxides, such as Fe-oxides typically undergo reductive dissolution at Eh values less than +100 mV (Bennett and Dudas 2003) , and may act to release bound metals. If the GML effluent waters eventually dropped to its influent pH values, arsenic may actually be more retained, as the arsenate species becomes more retained at lower pHs (<7.5) (Jain and Loeppert, 2000) . However sulphate precipitates such as gypsum are quite soluble and may dissociate as the pH changes, thus releasing adsorbed metals.
CONCLUSIONS
The GCL tested herein showed strong attenuation for a large number of metals and metalloids present in an Acid Mine Drainage Leachate and a neutral-pH gold mining leachate. Material analysis, including metal porewater concentrations and layer distribution of the permeated GCLs allowed the authors to gain insights into possible retention mechanisms at early times in containment. Several key factors may be identified from this research:
(1) The final K of the AMD samples was three times larger than the GML sample K from an initial value of 1.6x10 -11 m/s after 5 PVs of permeation. The pH of the AMD samples showed a decline to 7.8 from an initial value of 8.3, while the GML permeated samples remained above pH=8 for the duration of the experiment. (2) Sulphate was retained more in the GML samples, and was partially attributed to gypsum precipitation (XRD identified), which was not found in the AMD samples.
